Introduction {#sec1}
============

Although use of the adoptive transfer of T cells transduced with chimeric antigen receptors (CARs) targeting CD19 has revolutionized the treatment of B cell malignancies,[@bib1] limited therapeutic efficiency of CAR T cells has been observed in solid tumors.[@bib2] Several barriers, not present in hematologic malignancies, likely prevent CAR T cells from being efficacious in solid tumors, including poor trafficking to the tumor, an immunosuppressive tumor microenvironment (TME), overexpression of checkpoint inhibitors, and suppression due to intrinsic inhibitory T cell programs.[@bib3], [@bib4], [@bib5], [@bib6]

In addition, no matter how active any antigen-specific CAR T cell might be, successful therapy will still need to overcome the critical challenge of tumor antigen heterogeneity.[@bib7] Unlike B cell malignancies, which uniformly express high levels of their CD19 CAR T target antigen, solid tumor cells express antigens heterogeneously and at different levels. Furthermore, therapy-induced immune editing can lead to the selection of CAR target antigen-negative tumor cells, allowing for tumor antigen "escape."[@bib8]^,^[@bib9]

It has been hypothesized that tumor heterogeneity can be overcome by the induction of "bystander effects"; that is, the ability of the CART cells to also induce killing of tumor cells that are *not* expressing the CAR targeted antigen(s).[@bib10]^,^[@bib11] This is an important issue, as the extent of bystander killing is critical in specifying a "cutoff value" for the percentage of tumor antigen positivity needed for eligibility in a clinical trial. However, this hypothesis has not be adequately tested and forms the focus of this work.

Although it is relatively straightforward to evaluate agents that augment the efficacy of CAR T cells by measuring tumor size,[@bib3]^,^[@bib5] it is much more challenging to answer the specific questions of whether bystander effects are present and whether they can be enhanced. The majority of preclinical CAR T cell studies have been performed with human lymphocytes that have been injected into immunodeficient mice bearing human tumors. However, to assess immunologic bystander effects, mouse models with intact immune systems and the use of murine-derived CAR T cells are required. It would then be possible to define bystander effects by determining how well CAR T cells could treat defined mixtures of target antigen-positive and target antigen-negative tumor cells.

Although the tumor-mixing approach seems straightforward, it requires a system where 100% antigen-positive tumors can be eradicated by mouse CAR T cells in immune-competent animals. Unfortunately, mouse CAR T cell efficacy is usually not high, and augmentation strategies traditionally involve whole-body irradiation and/or lymphodepletion---interventions that make bystander interpretations difficult.[@bib12], [@bib13], [@bib14], [@bib15]

We were able to develop such a mixing model, using potent murine CAR T cells that react against a human mesothelin-expressing murine tumor cell line that grows in immunocompetent mice, allowing us to directly test the bystander hypothesis. Using this model, we show that these CAR T cells could cure 100% mesothelin-positive tumors but were unable to cure tumors that did not universally express mesothelin, demonstrating the lack of a bystander effect.

We next tested the hypothesis that specific immune modulatory agents that are directly or indirectly related to impaired T cell function could augment bystander effects in our model. These included anti-PD-1, anti-CTLA-4, or anti-TGF-β antibodies; an agonistic CD40 antibody; and an indoleamine 2,3-dioxygenase (IDO) inhibitor. However, none of these therapies helped induce bystander effects. In contrast, pre-treatment of the mice with low-dose cyclophosphamide (CTX) induced a bystander effect that resulted in cure of tumor mixtures. This effect was dependent on endogenous CD8 T cells but not on basic leucine zipper transcription factor ATF-like 3 (BATF3)-dependent type 1 dendritic cells (DCs).

Results {#sec2}
=======

Development of an Immunocompetent Model in which Murine CAR T Cells Can Eliminate Established Malignant Mesothelioma (MM) Tumors {#sec2.1}
--------------------------------------------------------------------------------------------------------------------------------

To test the hypothesis that CAR T cells induce significant bystander effects, we needed to create an immunocompetent mouse model in which we could cure established tumors that uniformly expressed the CAR target antigen. We previously developed a retroviral version of a CAR targeting human mesothelin (based on the SS1 anti-mesothelin antibody), which effectively transduced mouse T cells and had some anti-tumor activity against murine tumor cell lines expressing human mesothelin, including the MM AE17om cell line.[@bib16]^,^[@bib17] We were unable, however, to obtain tumor cures, even when we used two injections of the SS1 CAR T cells to treat relatively small tumors (data not shown). Instead, we were able to cure tumors with two doses of 10 million "M11" CAR T cells administered on days 4 and 6 after tumor inoculation ([Figures 1](#fig1){ref-type="fig"}A and 1B). In contrast, this treatment regimen had no effect on AE17o cells not expressing human mesothelin ([Figure 1](#fig1){ref-type="fig"}C).Figure 1M11 CAR T Cells Exert Minimal Bystander Effects in a Syngeneic Malignant Mesothelioma (MM) Mouse ModelA mouse model of MM was developed, using murine AE17 MM cells, transduced with chicken ovalbumin and human mesothelin (AE17om). 2 million AE17om cells were injected into the right flanks of B6 mice, which, by day 3 post-injection, developed into established tumors ∼50 mm^3^ in size. (A) The schema used to cure these tumors involved two doses of 10^7^ transduced M11 CAR T cells each, given intravenously on day 4 and day 6 post-tumor inoculation. All experiments were repeated at least twice; n = 8 mice per group. (B) Tumor growth measurements over time show tumor cure. (C) M11 CAR T cells did not have an effect on tumors negative for mesothelin. AE17om cells were mixed with varying percentages of AE17o cells, i.e., cells that expressed ovalbumin but not human mesothelin, to assess whether our treatment schema could eradicate tumors that did not universally express the target antigen. (D) M11 CAR T cells could not cure tumors that were 50% mesothelin positive. (E) M11 CAR T cells could not cure tumors that were 75% mesothelin positive. (F) M11 CAR T cells could not cure tumors that were 90% mesothelin positive.

This new anti-mesothelin CAR, called M11, was developed in collaboration with Novartis (using a phage display library) that was much more effective *in vitro* and *in vivo* when expressed in human T cells. Accordingly, an M11 CAR (containing the mouse CD3 zeta and 41BB cytoplasmic domains; [Figure S1](#mmc1){ref-type="supplementary-material"}A) was subcloned into a retroviral vector that was then used to efficiently transduce mouse T cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B). When co-cultured with the C57/B6-derived murine MM cell line AE17 that stably expressed both human mesothelin (in \>98% of cells; [Figure S1](#mmc1){ref-type="supplementary-material"}C) and the xeno-antigen chicken ovalbumin (AE17om cells), the M11 CAR T cells killed significantly more tumor cells than the SS1 CAR T cells and released significantly more interferon gamma (IFNγ) at the same effector:target (E:T) ratios ([Figure S1](#mmc1){ref-type="supplementary-material"}D).

Mouse T cells were produced that expressed the M11 CAR in \>70% of T cells ([Figure S2](#mmc1){ref-type="supplementary-material"}A) and were highly effective *in vitro* ([Figure S2](#mmc1){ref-type="supplementary-material"}B). A single dose of 10 million transduced M11 CAR T cells significantly decreased the size of established 100% AE17om tumors, but it did not result in cures ([Figures S2](#mmc1){ref-type="supplementary-material"}C--S2E).

We attempted to replicate this model in three other tumor cell lines that were transduced to stably express human mesothelin in 100% of their cells: a lung cancer cell line growing in C57B6 mice (TC-1 m) and two MM cell lines growing in BALB/c mice (AB-1 meso \[AB-1m\] and AB12 meso \[AB12m\]). All these human mesothelin-expressing tumors grew well in flank models; however, unlike the AE17om model, they were unable to be cured using the regimen in [Figure 1](#fig1){ref-type="fig"}A. I, we observed temporary slowing in tumor growth in two models (TC-1 m and AB12m) and no effect of treatment in the AB-1m model ([Figure S3](#mmc1){ref-type="supplementary-material"}).

M11 CAR T Cells Exert Minimal Bystander Effects {#sec2.2}
-----------------------------------------------

To assess bystander effects, we used the AE17om model by mixing the AE17om cells (in which \>98% of the cells expressed mesothelin; [Figure S1](#mmc1){ref-type="supplementary-material"}C) with non-mesothelin-expressing AE17o cells at various ratios. These cell mixtures were injected subcutaneously into the flanks of C57/B6 mice, allowed to grow to a size of ∼50 mm^3^, and then treated using the schema shown in [Figure 1](#fig1){ref-type="fig"}A. In contrast to the cures seen in 100% mesothelin-positive tumors ([Figure 1](#fig1){ref-type="fig"}B), we were unable to cure tumors that contained 50% mesothelin-expressing cells ([Figure 1](#fig1){ref-type="fig"}D), 75% mesothelin-expressing cells ([Figure 1](#fig1){ref-type="fig"}E), or even 90% mesothelin-expressing cells ([Figure 1](#fig1){ref-type="fig"}F). These data demonstrate that our M11 CAR T cells induce very little bystander effects on their own.

Failure of Immune Stimulants to Induce Bystander Effects {#sec2.3}
--------------------------------------------------------

We next hypothesized that that the lack of bystander effect was due to activation of T cell-inhibitory receptors, inhibition of T cell activity by transforming growth factor β (TGF-β), poor DC activation, or inhibition by regulatory T cells (Tregs).

Accordingly, we attempted to induce a bystander effect by treating tumors generated from 90% mesothelin-positive AE17om tumors with two doses of the M11 CAR T cells combined with established immune-activating agents that modulate these pathways. Administration of either anti-PD-1 or anti-CTLA-4 antibodies (to block inhibitory receptors PD-1 and CTLA-4, respectively) alone to tumor-bearing mice slowed tumor growth, but combinations of these agents with M11 CARs did not result in cures ([Figures 2](#fig2){ref-type="fig"}A and 2B). The use of an anti-TGF-β antibody or an agonistic CD40 antibody (to activate DCs) alone had no effect and did not include cures in combination with M11 CAR T cells ([Figures 2](#fig2){ref-type="fig"}C and 2D). Administration of an oral IDO inhibitor (to help activate DC and T cells) alone significantly slowed tumor growth, but when combined with M11 CARs, it did not result in cures ([Figure 2](#fig2){ref-type="fig"}E).Figure 2M11 CAR T Cells Combined with Immunomodulatory Therapies Are Unable to Induce Bystander Effects in 90% Mesothelin-Positive TumorsWe used the treatment schedule that cured the 100% mesothelin-positive AE17om tumors with the addition of several immunomodulatory therapies in order to augment the ability of M11 CAR T cells to cure 90% mesothelin-positive AE17om tumors. All experiments were repeated at least twice; n = 8 mice per group. (A) The use of anti-PD-1 antibody (5mg/kg, given i.p. two times per week) resulted in some tumor regressions both as a single agent and in combination with M11 CAR T cells; however, no cures were observed. (B) Anti-CTLA-4 antibody (200 μg per mouse, given i.p. two times per week) did not have an effect as a single agent and only minimally increased cytotoxicity of M11 CAR T cells when given in combination. (C) Administration of an anti-TGF-β antibody (150 μg per mouse, given i.p. two times per week) had a synergistic effect with M11 CAR T cells and stopped tumor growth; however, only temporarily. (D) Agonistic CD40 antibody (40 μg per mouse, given i.p. as a single dose on day 7; 1 day after the 2nd dose of M11 CAR T cells) had no effect, either as a single agent or in combination with M11 CAR T cells. (E) The use of an IDO inhibitor (300 mg/kg, given by oral gavage daily for 2 weeks, starting on day 3 after tumor inoculation) did not enhance efficiency of M11 CAR T cells.

Low-Dose CTX Induces Bystander Effects that Result in Cures of MM Tumors {#sec2.4}
------------------------------------------------------------------------

Administration of CTX in combination with adoptive T cell transfer has been shown to augment anti-tumor efficacy through multiple mechanisms (including increasing T cell expansion, activating DCs, and reducing Tregs), but, to our knowledge, its ability to induce bystander effects has not been studied. Accordingly, we tested the effects of one dose of CTX pre-treatment alone or in combination with two doses of M11 CAR T cells given to mice with tumors generated from 90% mesothelin-positive AE17om cells. [Figures 3](#fig3){ref-type="fig"}A and 3B show the results from two independent experiments that demonstrate the ability of CTX to induce bystander effects. In both cases, CTX alone or two doses of the M11-CAR T cells slowed tumor growth temporarily but did not cause tumor regression or a cure. In contrast, the combination of one dose of CTX followed by two doses of the M11-CAR T cells consistently resulted in tumor cures. To test the "strength" of the CTX-induced bystander effect, we performed the same experiments using established tumors from 75% mesothelin-positive AE17om cells and observed that the combination of CTX plus two doses of M11 CARs was able to induce cures as well ([Figure 3](#fig3){ref-type="fig"}C).Figure 3CTX Can Induce Cures in \<100% Mesothelin-Positive AE17om Tumors(A and B) In two separate experiments, we show that administration of CTX (100 mg/kg, given as a single i.p. dose on day 3 post-tumor inoculation, 1 day before the first dose of M11 CAR T cells) induces cures in 90% mesothelin-positive tumors. (C) We were able to cure mice with 75% mesothelin-positive AE17om tumors.

To quantify the effects of CTX by itself and choose the appropriate dose for our experiments, we first carried out a dose-response experiment using a single dose of 50, 100, or 150 mg/kg CTX on day 3 post-tumor inoculation ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Tumor measurements post-treatment showed some anti-tumor activity that was dose dependent, but there was subsequent tumor outgrowth in all groups ([Figure S4](#mmc1){ref-type="supplementary-material"}B). We selected 100 mg/kg CTX as a treatment dose for follow-up experiments, because it was the lowest dose that had some anti-tumor effects but did not eradicate the tumors. This was not a lymphodepleting dose; [Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D shows only slight decreases in lymphocytes on days 1 and 5 post-CTX administration.

CTX Induces Increased Persistence of M11 CAR T Cells {#sec2.5}
----------------------------------------------------

The persistence of adoptively transferred mouse T cells is quite short, peaking at around 1 week post-transfer, with the cells detected at very low levels from around day 10 onward (data not shown). Since one previously reported consequence of the administration of CTX is increased persistence of adoptively transferred T cells,[@bib18] we analyzed tumor-draining lymph nodes (TDLNs) and spleens on day 17 after tumor inoculation (2 weeks post-CTX) for the detection of M11 CAR T cells. As expected, low numbers of M11 CAR T cells were present in TDLNs and spleens (∼0.2% of cells), which were only slightly increased in the mice treated with CTX and M11 cells ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Effect of CTX Treatment on M11 CAR T Cells, Endogenous T Cells, and Regulatory T Cells (Tregs)TDLNs, spleens, and tumors were harvested from mice treated as described in [Figures 3](#fig3){ref-type="fig"}A and 3B. After digestion, they were subjected to flow cytometry. (A) M11 CAR T cells were tracked by flow cytometry through their GFP label. CTX treatment increased the persistence of M11 CAR T cells in TDLNs (left graph) and spleens (right graph) (numbers are in percent total live cells). Samples: n = 3 per group. Statistics by 2-way ANOVA: ∗∗p \< 0.01. (B) The frequency of T cells in AE17om tumors post-treatment was assessed. When used alone, CTX decreased the percentage of CD3+ and CD4+ T cells of live tumor cells. Tumors treated with the combination of CTX plus M11 CAR T cells showed significantly increased infiltration of CD8+ T cells compared to the untreated group, the group treated with M11 CAR T cells only, or the CTX-only group. Samples: n = 3 per group. Statistics by 2-way ANOVA: ∗p \< 0.05; ∗∗∗p \< 0.001; ∗∗∗∗p \< 0.0001. (C) Treg (CD25+CD3+CD4+FoxP3+) frequency was seen to be significantly decreased in TDLNs of mice treated with CTX alone. This effect was not replicated in the spleens of these mice, where a slight decrease in Tregs was seen in CTX-treated samples, but it was not significant. Tumors treated with CTX and with CTX plus M11 CAR T cells had a significantly smaller percentage of Tregs compared to the Tregs in tumors of untreated mice or mice that were treated with M11 CAR T cells. Samples: n = 3 per group. Statistics by 2-way ANOVA: ∗p \< 0.05; ∗∗∗∗p \< 0.0001.

Low-Dose CTX Reduces the Frequency of CD4+ Tregs in TDLNs and Tumors {#sec2.6}
--------------------------------------------------------------------

We first hypothesized that the immunosuppressive CD4+ Tregs might be important in augmenting endogenous T cell responses. Therefore, we assessed the frequency of these cells in tumor-bearing mice 5 days after injection of CTX and following treatment with M11 CAR T cells. At this time point, we saw a significant decrease in the percentage of CD4 T cells and Tregs, both within TDLNs and within the tumors ([Figures 4](#fig4){ref-type="fig"}B and 4C). Specifically, the frequency of Tregs in the TDLNs of tumored animals (untreated or treated with M11 CAR T cells) was around 2% of the total live cells; CTX treatment resulted in a decrease of this T cell subset to around 1%--1.4%. In tumors, 0.5% of the total live digest was CD4+ Treg, which was almost completely depleted following CTX treatment.

Endogenous CD8 T Cells Are a Requirement for CTX-Induced Bystander Effects {#sec2.7}
--------------------------------------------------------------------------

Since the direct effect of the dose of CTX used was limited, and we observed only a slight increase in the number of persisting M11 CAR T cells, we wanted to test the hypothesis that our observed bystander effect required the presence of endogenous CD8 T cells. Therefore, we repeated our curative regime on 90% mesothelin-positive AE17om tumors that were established in wild-type (WT) and CD8 T cell-deficient mice. Similar to the data shown earlier, one dose of CTX followed by two doses of the M11 CAR T cells resulted in tumor cures in WT mice ([Figure 5](#fig5){ref-type="fig"}A, left panel); however, the tumors were not cured by the same treatment when endogenous CD8 T cells were not present ([Figure 5](#fig5){ref-type="fig"}A, right panel).Figure 5Bystander Effects Require CD8+ T Cells but Not BATF3+ DCs(A) CD8 WT and CD8 KO C57BL/6J mice were inoculated with 2 × 10^6^ 90% mesothelin-positive AE17om tumor cells (day 0), treated with a single dose of 100 mg/kg CTX (day 3), and then given two doses of 10^7^ M11 CAR T cells (days 4 and 6, respectively). Tumor growth measurements over time showed a curative effect of the CTX/M11 CAR T cell combination treatment in the CD8 WT mice but not in the CD8 KO mice. (B) Flow tracings from harvested TDLNs from the WT mice at the end of the CD8 WT/CD8 KO *in vivo* study that were stained for the presence of OVA-positive CD8 T cells. Cells were gated on live CD3+CD8+ T cells. Non-tumor-bearing (naive) mice were compared to tumor-bearing mice that received no treatment (NT), M11 CAR T cells, cells treated with CTX alone, or cells treated with a combination of CTX and M11 CAR T cells. (C) Summary of the flow cytometry data (expressed as percentage of CD8+ T cells or the percentage of total live cells) shows that CTX treatment significantly increased the ova-specific CD8+ response in TDLNs of the CTX/M11 CAR T cell combination treatment group compared to all others. (D) BATF3 WT and BATF3 KO C57BL/6J mice were treated as described above. Tumor growth measurements over time showed a curative effect of the CTX/M11 CAR T cell combination treatment in both the WT and BATF3 KO mice. Samples: n = 3 per group. Statistics by 2-way ANOVA: ∗∗p \< 0.01; ∗∗∗p \< 0.001.

Given that the bystander effect required endogenous CD8 T cells, we first analyzed CD8 T cell frequencies in the percentage of total live cells in tumors on day 21, when the mice were euthanized. We observed increased numbers of CD3 and CD8 lymphocytes in the groups treated with CTX, especially in the CTX plus M11 CAR combination group ([Figure 4](#fig4){ref-type="fig"}B). More importantly, we asked whether we could detect enhanced T cell responses to non-CAR T cell targeted antigens. Since the tumor cells expressed the xenoantigen ovalbumin, we used ova-specific tetramers to monitor the induction of endogenous ova-specific CD8 T cells in TDLNs ([Figures 5](#fig5){ref-type="fig"}B and 5C). The percentage of ova-tetramer+ CD8 T cells was very low in naive mice (0.14%) and slightly increased in the tumor-bearing non-treated mice (0.45%). Treatment with the M11 CAR T cells increased tetramer positivity to ∼4%. A similar increase was seen after CTX treatment alone (∼4%). However, the mice treated with CTX plus the M11 CAR T cells showed a marked and significant increase in the ova-tetramer+ cells (∼32%).

CTX-Induced Bystander Effects Are independent of the Role of BATF3+ DCs {#sec2.8}
-----------------------------------------------------------------------

Given that the bystander effect appeared dependent on endogenous T cells and was accompanied by increased reactivity against a model tumor antigen (and, thus, likely other tumor neoantigens), we hypothesized that this effect was due to the known ability of CTX to activate DCs.[@bib19]^,^[@bib20] We first conducted flow cytometry of TDLNs and tumors on days 1 and 5 after CTX administration in order to assess frequencies of DC subsets, especially the cross-presenting CD103+ conventional DC 1 (cDC1) cells.[@bib21] In our model, we detected only very low numbers of both CD8a+ and CD103+ cDC1 cells in the TDLNs, regardless of treatment, and virtually no cDC1 cells in tumors (data not shown). The very low frequencies of these cells did not allow further analysis of their activation status.

To directly assess the functional importance of cDC1 cells, we utilized commercially available mice in which the BATF3 transcription factor has been deleted, leading to the absence of cDC1 cells.[@bib22] We treated AE17om tumors with 90% mesothelin-expressing cells in WT versus BATF3-deficient mice. As described earlier, one dose of CTX followed by two doses of the M11-CAR T cells resulted in tumor cures ([Figure 5](#fig5){ref-type="fig"}D, left panel), however, the tumors in the BATF3-deficient mice were also cured by the CTX/M11 combination ([Figure 5](#fig5){ref-type="fig"}D, right panel), suggesting that the increase in endogenous anti-tumor T cells was not cDC1 cell dependent.

Discussion {#sec3}
==========

The hypothesis that CAR T cells induce cross-priming and epitope spreading has been proposed as a possibility;[@bib1] however, the data showing that these events actually occur *in vivo* are, so far, limited. Some supportive evidence has been provided from studies in immunocompetent mice, showing that animals that had been cured of their tumors by CAR T cells were resistant to re-challenge with tumor cells that were not expressing the CAR-targeted antigens.[@bib15]^,^[@bib23]^,^[@bib24] Although these data demonstrate the generation of host immunity against non-CAR-targeted tumor antigens, these studies are not definitive or direct evidence of CAR-induced epitope spreading, since many tumors induce endogenous anti-tumor T cell responses capable of preventing tumor re-challenge when the primary tumor has been controlled by any means. For example, we and others have found that even surgical removal of an immunogenic tumor will result in resistance to subsequent challenge with small numbers of tumor cells. In other studies, Kuhn et al.[@bib15] showed that mice treated with the CD19 CAR T cells had only a small increase in the number of tumor-reactive non-CAR T cells compared to untreated tumor-bearing mice, suggesting low levels of epitope spreading, similar to our tetramer data. Interestingly, an enzyme-linked immunospot (ELISPOT) assay was enhanced in mice treated with a CD19-CD40L CAR, suggesting some stimulation of endogenous T cells.[@bib15] In our model, systemic administration of an agonistic anti-CD40 antibody did not enhance bystander killing. Although not the specific goal of the study, recent data from Lai et al.[@bib25] showed minimal epitope spreading in their murine tumor model (similar to what we observed), but the authors observed an increase after attraction (with FLT3L) and activation (with poly(I:C) and agonistic 41BB antibodies) of DCs. However, to our knowledge, no direct tumor bystander studies have been described.

Even less data about bystander effects are available from clinical trials. Our group observed the appearance of new antibody reactivities against mesothelioma tumor cell lines and against the tumor antigen mesothelin in serum obtained from patients after treatment with mesothelin-CAR T cells (generated by electroporation of CAR mRNA), suggesting the engagement of CD4 and B cells.[@bib26] Ramos et al.[@bib27] looked for antitumor immune responses in a CD19 CAR trial in lymphoma patients by analyzing for newly emergent T cell-mediated immunity to known tumor-associated antigens, including NY-ESO, survivin, PRAME, or MAGE in peripheral blood collected before and after CD19 CAR T cell infusion. They observed no differences in the frequency of precursor T cells responding to these antigens in peripheral blood collected before and after CD19 CAR T cell infusion; thus, no evidence for T cell antigen spreading was obtained.

Given this knowledge gap, we developed a model system in which we could specifically quantify bystander effects using murine anti-mesothelin CAR T cells that could cure established tumors when 100% of the tumor cells expressed human mesothelin. In this model, we found that CAR T cell treatment could slightly enhance the number of endogenous T cells directed against a non-targeted antigen (chicken ovalbumin); however, the CAR T cells were unable to cure tumors when only 10% of the tumor cells were mesothelin negative, demonstrating that any bystander effects were very limited.

One hypothesis to explain these findings is the highly immunosuppressive microenvironment of solid tumors, which impedes endogenous T cell function,[@bib28], [@bib29], [@bib30] prevents efficient DC activation,[@bib31] and promotes the expansion of immunosuppressive Tregs.[@bib29]^,^[@bib32] To assess whether these factors might account for the lack of bystander effects we were seeing in our model, we first blocked the inhibitory T cell receptors PD-1 and CTLA-4, given their known ability to inhibit T cell activation, leading to reduced proliferation, cytokine production, and T cell death.[@bib33]^,^[@bib34] We hypothesized that an anti-PD-1 or anti-CTLA-4 antibody therapy in combination with CAR T cells might neutralize the inhibitory signals of PD-1 on T cells (endogenous or transferred cells) and induce bystander effects. However, although each agent had some anti-tumor effect by itself, no tumor cures were induced.

We next assessed the role of TGF-β in our system. In tumors, TGF-β functions primarily as an immunosuppressive cytokine due to its ability to interfere with the generation, expansion, and function of anti-tumor immune cells as well as its association with the suppression of growth and/or activity of T cells, natural killer (NK) cells, and DCs.[@bib35]^,^[@bib36] Our hypothesis was that the CAR T cells and, hopefully, any anti-tumor endogenous T cells would function more efficiently and that bystander effects would be induced. However, using a bioactive TGF-β neutralizing antibody with our CAR T cells did not significantly enhance bystander effects.

DCs play a significant role in regulating the balance between CD8 T cell immunity and tolerance to tumor antigens.[@bib37] T cell cross-priming---a process in which DCs cross-present exogenous antigens to CD8 T cells, resulting in CD8 T cell activation---is critical in generating endogenous anti-tumor CD8 T cell immunity.[@bib31] Despite the presence of DCs in the TME, it appears that tumor-associated DCs are often defective in their differentiation and activation and are poor stimulators of immune responses.[@bib37] We hypothesized that agents capable of activating DC might thus augment CAR-induced antigen cross-presentation and stimulate endogenous anti-tumor T cells and bystander effects. One such agent is an agonistic CD40 antibody that has been shown to license DCs to promote antitumor T cell activation and re-educate macrophages to destroy tumor stroma.[@bib38] Another is an IDO inhibitor.[@bib39] IDO participates in a metabolic pathway implicated in a peripheral tolerance and also participates in the functional tolerance of the immune system toward tumors.[@bib39]^,^[@bib40] However, in our study, neither the use of an agonistic CD40 antibody nor the use of an IDO inhibitor in combination with CAR T cells induced significant bystander effects. It should be noted that there is now some support for this DC activation hypothesis from the recent study of Lai et al.,[@bib25] who showed evidence of enhanced epitope spreading when CAR T cell therapy was combined with agents that both attracted DCs (FLT3L) and strongly activated the DCs (poly(I:C) in combination with an agonist 41BB antibody was required).

CTX is an alkylating agent that has been in clinical use for more than 40 years and has been extensively studied in mice as an immuno-modulating agent.[@bib13]^,^[@bib41], [@bib42], [@bib43] Administration of CTX induces lymphopenia, and it has thus been used extensively as a way to precondition animals and patients before the adoptive transfer of lymphocytes, including CAR T cells.[@bib42]^,^[@bib44], [@bib45], [@bib46] The lymphopenia is thought to both "make room in the bone marrow" and induce the secretion of homeostatic cytokines such as interleukin (IL)-7 and IL-15 that enhance the proliferation and persistence of the transferred lymphocytes. However, a number of other immunomodulatory activites (usually seen with low doses) have been reported,[@bib18] including a somewhat selective depletion of CD4 Tregs,[@bib41]^,^[@bib47] activation of DCs,[@bib20]^,^[@bib47]^,^[@bib48] a TH2-to-TH1 polarization in CD4 cells,[@bib18]^,^[@bib49] and induction of type 1 IFNs.[@bib50] Of note, these previous studies have focused primarily on the beneficial effects of CTX on anti-tumor activity due to enhanced efficacy and persistence of the adoptively transferred T cells, without specifically examining the potential ability of CTX to induce endogenous T cell bystander effects. In contrast to all the aforementioned treatments, pre-treatment of the mice with one low dose of CTX induced a bystander effect that resulted in the cures of tumors that contained 10% and up to 25% of mesothelin-negative tumor cells.

We wanted to explore the mechanisms of this observed bystander effect. There are a number of possible pathways by which a bystander effect could occur.[@bib1]^,^[@bib5]^,^[@bib51] Release of cytokines from the activated CAR T cells (i.e., IFNγ and tumor necrosis factor alpha \[TNF-α\]) could directly kill tumor cells,[@bib52] or these cytokines could activate innate immune cells (e.g., macrophages, neutrophils, or NK cells) that could then induce tumor destruction via phagocytosis or by other means (e.g., secretion of additional TNF-α or nitric oxide). CAR T cells could also directly kill non-target-expressing cells by engagement of death receptors, such as FAS or DR5 (the ligand of TRAIL), on the the non-targeted tumor cells, leading to cell death. Alternatively, CAR T cells could induce epitope (or antigen) spreading, resulting in tumor cell killing by stimulated endogenous T cells.[@bib11] When tumor cells die and release tumor antigens in an immunostimulatory environment (i.e., in the presence of TNF-α, IFNγ, and granulocyte-macrophage colony-stimulating factor \[GM-CSF\]), antigen-presenting cells (with type 1 DCs thought to be the most important) have the ability to take up and cross-present tumor antigens generating endogenous B cell and T cell (both CD4+ and CD8+) immunity against tumor antigens not originally targeted by the CAR T cells.[@bib10]

To elucidate the possible mechansims of the CTX-induced bystander effect in our model, we first assessed the role endogenous CD8 T cells in the process. In contrast to WT mice (where tumors with 10% antigen-negative cells were cured by CTX plus CAR T cells), when we conducted the same study with mice genetically lacking only CD8 T cells, we lost the ability to cure the tumors. These results demonstrate that endogenous CD8 T cells were critical to our observed bystander effect. Consistent with this finding, we observed an increase in the number of endogenous CD8 T cells in the tumors and an increase in CD8 T cells in TDLNs that could react with ovalbumin. Thus, the observed bystander effect was not primarily due to cytokine-mediated activation of TME cells or death-receptor-mediated killing of tumor cells. Although we did see (as expected) a small increase in the number of the infused CAR T cells in the CTX-treated mice ([Figure 4](#fig4){ref-type="fig"}A), the bystander effect was not due to enhanced persistence of the infused CAR T cells, since endogenous CD8 T cells were required. However, it should be mentioned that it is possible that other endogenous cell types, such as helper CD4 T cells, also play a role. Sorting out the contributions of CD4 T helper cells versus CD4 Tregs (discussed later) is a subject of ongoing investigation.

Given that CTX enhanced the endogenous CD8 T cell anti-tumor response, we hypothesized that one mechanism might be through the activation of DCs that could then take up released tumor antigens and cross-present to CD8 T cells. BATF3 DCs (otherwise known as cDC1 cells or CD103+ DCs) are thought to be the most important DC subtype responsible for cross-presentation in tumors.[@bib10]^,^[@bib22] However, when we administered CTX and M11 CAR T cells to BATF3-deficient mice bearing tumors that had 10% antigen-negative cells, we were still able to eradicate the tumors ([Figure 5](#fig5){ref-type="fig"}D), showing that BATF3-dependent cDC1 cells were not required for the bystander effect in our model. This finding does not agree with the prevailing dogma that cDC1 cells are the sole DC subset sufficient for optimal anti-tumor cytotoxic T cell generation. However, a number of studies have previously shown that BATF3/CD103+ DCs are not required for the generation of cytotoxic T cells.[@bib53], [@bib54], [@bib55], [@bib56] For example, Desch et al.[@bib56] showed that depending on the type of DC activating agent present (i.e., Toll-like receptor \[TLR\]7 versus TLR3), cDC2 cells could also effectively cross-present. This may be the case in our model.

As an additional or alternative mechanism, we hypothesized that the known ability of CTX to reduce Tregs is important. The ability of Tregs to suppress anti-tumor endogenous CD8 T cell responses is well known.[@bib41]^,^[@bib47] Since CTX significantly reduced the number of Tregs in tumors and TDLNs in our model ([Figure 4](#fig4){ref-type="fig"}C), we postulate that loss of these suppressive Tregs combined with the immunostimulatory effects of the CAR T cells allowed the expansion/emergence of endogenous anti-tumor CD8 T cells (including those reactive with neoantigens and the xenoantigen, ovalbumin) that could then exert more potent anti-tumor effects. Experiments to test this hypothesis by selectively depleting Tregs in our model are ongoing.

The conclusions of our paper should be tempered by the fact that we have presented data from only one cell line and one CAR. Our mixing model required an experimental system where we could cure established tumors in which 100% of the tumor cells expressed the targeted antigen---in our case, mesothelin---using mouse CAR T cells in an immune-competent mouse without added perturbations (i.e., radiation, vaccination, or lymphodepletion) that could affect the immune system. This proved to be surprisingly difficult. Despite evaluating multiple tumor cell lines expressing mesothelin, we were only able to achieve cures in the AE17om cell line. It is possible that the bystander effect might be stronger with other cell lines. We also acknowledge that our model is somewhat simplistic in that we used a "binary" system where tumor cells either expressed high levels of antigen or none at all. This does not precisely mimic the situation seen clinically, where tumor cells can express a range of levels of target antigen. Our data showing very limited epitope spreading after CAR T cell therapy are similar to the recent findings of Lai et al.,[@bib25] using a different CAR and a different tumor model.

Future studies aimed at detecting bystander effects in human CAR T cell clinical trials are thus needed. However, until convincing data are obtained in human studies, our study suggests that the hypothesis that CAR T cells induce strong bystander effects should be considered an open question and that treatment of solid tumors without expression of the target antigen on the vast majority of tumor cells using a CAR targeted to a single antigen may not be successful.

If CAR-T cell-induced bystander effects are, in fact, quite limited, a second implication of our study is that, since most solid tumors do not express target antigen on \>90% of tumor cells, other approaches will likely be needed for tumor eradication. A number of strategies are being explored that include: injection of a mixture of CAR T cells that target multiple tumor antigens; transducing T cells with multiple CARs targeting different antigens;[@bib9]^,^[@bib57]^,^[@bib58] and designing CARs that target multiple antigens,[@bib7] such as tandem CARs that express two linked single-chain variable fragments (scFvs) to recognize different antigens.[@bib59] Another approach is to create CARs that also secrete payloads or cargos that are designed to kill tumor cells that are not expressing tumor antigens. Examples of these cargos include cytokines or TLR ligands (i.e., IL-12, IL-18, IL-21, and CD40L) that can activate endogenous TME cells (e.g., macrophages or NK cells)[@bib15]^,^[@bib60], [@bib61], [@bib62] or bispecific T cell engagers (BiTEs) that could redirect endogenous T cells.[@bib63] Another way to enhance bystander effects would be to augment CAR-induced cross-presentation of tumor antigens to endogenous T cells using approaches like the one described here (i.e., CTX) or other strategies aimed at attracting and activating DCs (i.e., CD40L or FLT3L plus DC activating agents) or reducing the immunosuppressive TME.[@bib15]^,^[@bib25]

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

Female C57BL/6 and BALB/c mice (6--8 weeks old, 18--20 g) were purchased from Charles River Laboratories (Wilmington, MA, USA). BATF3-deficient (BATF3 knockout \[KO\]) and CD8-deficient (CD8 KO) mice on the C57BL/6 background were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). The animal use committees of the University of Pennsylvania approved all animal study protocols, and experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals. See [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"} for more details.

Cell Cultures {#sec4.2}
-------------

Murine AE17o mesothelioma cells expressing chicken ovalbumin (which grow in C57/B6 mice) were provided by Dr. Delia Nelson, University of Western Australia.[@bib64] These cells were lentivirally transduced to stably express human mesothelin (AE17om cell line). The murine mesothelioma cell lines AB12 and AB1 (which grow in BALB/c mice) were obtained from Dr. Bruce Robinson, University of Western Australia.[@bib65] These cells were also transduced to express human mesothelin (AB12m and AB1m, respectively). Murine lung cancer cell line TC-1 was a gift from Dr. Yvonne Paterson, University of Pennsylvania, and were transduced to express human mesothelin as described earlier (TC-1 m).

Generation of Anti-mouse M11 CAR Constructs {#sec4.3}
-------------------------------------------

The anti-mesothelin M11 scFv was generated from a human phage display library and selected for its ability to bind to purified human mesothelin. The VH and VL variable domains of the M11 scFv were fused with a mouse CD8a hinge, CD8a transmembrane domain, and two mouse cytoplasmic domains derived from 4-1BB and CD3z. This CAR was subcloned into the MIGR1 retroviral vector, which also expresses GFP, using an internal ribosomal entry site as we have previously described.[@bib17] Infective particles were generated from the supernatants of Phoenix cells transfected with the retroviral vector plasmid and helper plasmids using Lipofectamine 2000 (Invitrogen).[@bib17]

Isolation, Transduction, and Expansion of Primary Mouse T Lymphocytes {#sec4.4}
---------------------------------------------------------------------

Primary murine splenic CD3+ T cells were isolated from naive mice, activated, and transduced following a protocol that is detailed in [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}.

*In Vitro* Cytotoxicity Assays and IFNγ ELISAs {#sec4.5}
----------------------------------------------

Triplicate wells of 5,000 luciferase-expressing AE17om cells were co-cultured with M11 CAR T cells at various E:T ratios. Cytotoxicity of T cells was measured using the luciferase assay system (Promega), as previously described.[@bib66] IFNγ detection in the supernatants of the co-cultures was done using a mouse IFNγ ELISA kit (Biolegend).[@bib66]

Xenograft Models and *In Vivo* Therapies {#sec4.6}
----------------------------------------

2 × 10^6^ tumor cells (AE17om in various mixtures with AE17o; AB12m mixed with AB12; TC-1 m mixed with TC-1; and AB-1 m mixed with AB-1) were injected into the flanks of syngeneic mice. When tumors reached ∼50--70 mm^3^ (4 days after tumor cell inoculation for both cell lines), 10^7^ transduced M11 CAR T cells were injected intravenously via tail vein in 2 doses, 2 days apart, and the tumors were measured by calipers every 3--4 days for up to 2 weeks. Non-treated tumor-bearing animals were used as controls. For combination treatments, mice were treated in one of four groups: (1) untreated controls, (2) M11 CAR T cells alone, (3) immune-stimulatory agent alone, or (4) a combination of M11 CAR T cell therapy and immune-stimulatory agent. The agents include anti-PD-1 antibody (BioXcell, RMPI-14) at 5 mg/kg, given via intraperitoneal (i.p.) injection biweekly; anti-CTLA-4 antibody (BioXcell, 9H10) at 200 μg per mouse, given via i.p. injection biweekly; anti-TGF-β antibody (BioXcell, ID11.16.8) at 150 μg per mouse, given via i.p. injection biweekly; agonistic CD40 (BioXcell, FGK4.5/FGK45) at 40 μg per mouse, given via i.p. injection as a single dose 1 day following CAR T cell treatment; IDO inhibitor (INCB023843) at 300 mg/kg, given via oral gavage daily for 2 weeks, starting on day 3 post-tumor inoculation; and CTX (MP Biomedicals, 150749) at 100 mg/kg, given via i.p. injection as a single dose on day 3 post-tumor inoculation, 1 day prior to CAR T cell injections.

The dosages of each agent were based on previous experiments or pilot experiments in our lab (unpublished data), where each agent was tested for its anti-tumor activity by itself. We used a standard 3- to 4-day injection of antibodies. In order to be able to detect their effects on the ability of CAR T cells to cure tumors, our goal in these studies was to choose a dose that had clear bioactivity but one that did not have anti-tumor activity so strong that it would eliminate or strongly suppress tumor growth by itself.

Flow Cytometry {#sec4.7}
--------------

Spleens, tumor-draining lymph nodes (TDLNs), tumors, and blood were isolated from mice at the end of *in vivo* experiments, and all assays were performed immediately after isolation and processing. Single-cell suspensions from these samples were then stained with Live Dead Blue (Invitrogen, 1:400 in PBS) and mouse Fc block (BD Biosciences, 1:200 in PBS) for 10 min at 4°C, followed by cell-surface marker antibodies for 45 min at 4°C. For FoxP3 intracellular staining, cells were washed, fixed with eBioscience Fix/Perm (1:3 Fixation/Permealization Concentrate: Perm Diluent) for 1 h at 4°C, washed twice, and stained in the presence of Perm/Wash (1X Permealization Buffer) for 45 min at 4°C. All marker antibodies used are summarized in [Table S1](#mmc1){ref-type="supplementary-material"}. Flow-cytometric analysis was performed on a BD LSR Fortessa with BD FACSDiva software (BD Biosciences) and analyzed using FlowJo v.10.4.

Statistical Analysis {#sec4.8}
--------------------

Graphical and statistical analyses were performed using Prism v.7.0c (GraphPad Software). Descriptive statistics were computed for all variables. p values were performed either by non-parametric Mann-Whitney test or by one-way or two-way ANOVA, where appropriate. p values \< 0.05 were considered significant. In each figure, variability in the data is shown as standard error of the mean (SEM).
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